


  CHAPTER ONE


  Are We Alone? The Search for Extraterrestrial Life


  
     When I was a student almost nobody thought there was any life beyond Earth. Today it’s fashionable to say that there is life all over the place, that the universe is teeming with it, but the scientific facts on the ground haven’t really changed.


  —PAUL DAVIES, THEORETICAL PHYSICIST, COSMOLOGIST, AND ASTROBIOLOGIST AND BEST-SELLING WRITER AND BROADCASTER




  The question of whether we are alone has fascinated humanity since the 16th century, when the Earth-centered model of the universe, attributed to Claudius Ptolemy (AD 100–ca. 170), was overturned by the Sun-centered model proposed by Nicolaus Copernicus (1473–1543). Copernicus’s model was later tested and refined by other astronomers, including Tycho Brahe (1546–1601), who carefully documented the movements of celestial objects, which were then used by the mathematician Johannes Kepler (1571–1630), who developed his laws of planetary motion.


  The invention of the telescope by Hans Lippershey (ca. 1570–1619) in 1608 and the use of a variation of this design by Galileo Galilei (1564–1642) in 1611 for astronomical observations added further conclusive evidence in support of the Copernicus model. The prospect that other stars may also have planets revolving around them also fueled this fervor. In more recent times, the development of spaceflight and the ability to fly by, orbit, and land spacecraft on other bodies in the Solar System enabled the study of the surfaces of these bodies for telltale direct and indirect signs of the presence of life there in the past and/or present. Through these developments it has become clear that the Earth and humans are not the center of everything; that the heavens are not “perfect,” moving in complete harmony; and that there may be other places in the universe that have harbored or do or could harbor life.


  The potential for the existence of extraterrestrial life has precipitated a massive search for evidence of this life through direct examination by dozens of sophisticated probes that have been sent to the surfaces of the Moon (both manned and unmanned), Mars, Venus, and Titan, the largest moon of Saturn, and several asteroids and comets (see discussion below). All this effort has produced no evidence, direct or indirect, for the presence of life off-Earth, but it has shown that several environments exist with the conditions conducive to life as we know it. Also, despite more than 60 years of endeavor there has been no confirmed evidence of radio and other signals from putative intelligent beings outside the Solar System.


  Furthermore, all but a few of the tens of thousands of reports of “unidentified flying objects” (UFOs) and/or “unexplained aerial phenomena” (UAPs) have been ascribed to natural events and none have been positively attributed to visits by alien civilizations. Close examination of all reported observations of large, engineered structures on other bodies (e.g., the “canals” on Mars) have also revealed them all to be false.


  Thus, life on Earth, at any of its wonderful levels of complexity from single-cell amoebae and bacteria to Homo sapiens, appears to be unique in the universe, as far as we are currently aware.


  Even so, with the billions of planets that surround stars in the Milky Way galaxy and the significant number of these that appear to bear a close resemblance to Earth, it is hard to believe that none of these planetary systems have harbored, or are harboring, simple life-forms that have already evolved, or might in the future evolve, into intelligent and technologically competent life at some point in the 13.8 billion years since the Big Bang started the ball rolling.


  As Arthur C. Clarke (1917–2008) is attributed to saying, “Two possibilities exist: either we are alone in the Universe, or we are not. Both are equally terrifying.”


  WHAT DO WE MEAN BY “LIFE”?


  Before proceeding any further with a discussion about the genesis and evolution of life on Earth and the search for possible environments in which it may have evolved elsewhere and/or where it might be possible for humans to live, it is important to define what “life” actually is.


  There are more than 120 definitions across the literature, each restrained by our experience of life as we know it on Earth and the (reasonable) assumption of the universality of the laws of physics and chemistry. One of the more generic, simple, and practical definitions is from NASA (Brennan 2023), which describes life as “a self-sustaining chemical system capable of Darwinian evolution.”


  In the context of the search for extraterrestrial life and an answer to the question of whether we are alone in the galaxy and/or universe, the distinction should be made between the rudimentary, single-celled forms that evolved on Earth soon after the planet formed some 4.5 billion years ago; the more complex, multicelled organisms that emerged about 500 million years later; and the technologically advanced, intelligent life that emerged only a few thousand years ago, of which humans are the most evolved and recent example known to date.


  A consensus has emerged that life (in all its foreseeable forms) requires three essential components (Cockell et al. 2016):


  1. an energy source to drive metabolic reactions,


  2. a liquid solvent to mediate these reactions, and


  3. a suite of nutrients both to build biomass and to produce enzymes that catalyze the metabolic reactions.


  On Earth, life functions through the specialized chemistry of carbon and water and builds largely upon four key families of chemicals: lipids (cell membranes), carbohydrates (sugars, cellulose), amino acids (protein metabolism), and nucleic acids (DNA and RNA). Any successful theory of the genesis of life (as we know it) must explain the origins and interactions of these classes of molecules.


  Similarities between all present-day life-forms on Earth suggest that all known and extinct species have evolved from a “last universal common ancestor” (LUCA) of all life on Earth about 3.8 billion years ago. Universal common descent through an evolutionary process was first proposed by the British naturalist Charles Darwin in the concluding sentence of his 1859 book On the Origin of Species:


 
    There is grandeur in this view of life, with its several powers, having been originally breathed into a few forms or into one; and that, whilst this planet has gone cycling on according to the fixed law of gravity, from so simple a beginning endless forms most beautiful and wonderful have been, and are being, evolved. (Darwin 2009)




  Darwin did not have knowledge of the molecular mechanism (DNA, RNA, genes, etc.) by which inheritance of traits and evolution occurs, so he could not know that all currently living organisms on Earth thus share a common genetic heritage. In the case of “complex” animals, more than 6,000 groups of genes common to all living animal species have been identified and these may have arisen from a single common ancestor that lived 650 million years ago in the Precambrian.


  The origin of the LUCA remains a mystery, but several experiments have been undertaken to ascertain how the earliest molecules that led to life might have been formed on the primordial Earth. The classic 1952 Miller-Urey experiment used a mixture of water, methane, ammonia, and hydrogen as a proxy for the early Earth atmosphere (Miller and Urey 1959) and applied an energy source in the form of a continuous electric spark as a simulation of natural lightning and radiation. This experiment demonstrated that most amino acids can be synthesized from inorganic compounds under conditions “replicating” those of the early Earth.


  Later experiments by Cleaves et al. (2008) demonstrated that the addition of iron and carbonate minerals could produce amino acids in the presence of an atmosphere containing carbon dioxide and nitrogen. Other approaches (“metabolism-first”) focus on the presence of ordered, interlocked networks of chemical reactions that evolve in complexity over time to provide the precursor molecules necessary for self-replication. In any event, the emergence of polymers that could replicate, store genetic information, and exhibit properties subject to selection likely was a critical step in the emergence of prebiotic chemical evolution.


  These simple, generic experiments demonstrate that the conditions for the emergence of (primitive) life are likely to be present on other planets and moons in the Solar System, and indeed on planets and moons in other solar systems.


  So far, Earth is the only place that we know about that is host to life. Whether it has emerged elsewhere, and whether it has evolved into complex, intelligent forms that have developed advanced civilizations capable of spaceflight and/or interstellar communication, is a discovery that would change our concept of humanity and its place in the universe.


  Does Life Necessarily Require a Biological Platform?


  Alien life in popular culture, for example, in the films Star Trek and Star Wars, is depicted mostly as (1) having many features in common with humans, namely “biological” and upright, with a similar means of locomotion (often bipedal), etc., and (2) mostly being intent on the destruction of the Earth and/or its occupants. Examples of nonbiological aliens include the “monolith” in 2001: A Space Odyssey and the title life-form in Transformers, and cyborgs (i.e., a hybrid of biological and inorganic) as depicted in the Terminator film franchise. Thus, it might be fruitful (and wise) to extend our search beyond life based solely on water and carbon chemistry.


  This should not come as a surprise since we are witnessing an inexorable and accelerating trend toward the incorporation of inorganic transplants and all sorts of other “mechanical” substitutes for human biological tissue as advances in medicine and materials science address failures in the natural tissue of our bodies. These substitutes include eyeglasses, false teeth, heart valves, pacemakers, stents, dialysis, heart-lung machines, hearing aids (passive and active), joint and limb replacements, eye corneas and retinal light sensors, and even false eyelashes, fingernails, and hairpieces. Rapid developments are also occurring in artificial intelligence (AI), machine learning, data storage and retrieval, interconnection, and robotics that are destined to change our work and leisure times beyond recognition.


  The inevitable extrapolation and expansion of these changes suggest that human life is changing to become ever more “cyborg”-like, perhaps heralding the evolution of a new species of Homo that is much more capable (physically and intellectually) and resilient than sapiens (Bostrom 2014; Harari 2015; Tegmark 2017; Kaku 2018; Bohan 2022). More on this later.


  Biological life-forms elsewhere in the universe might have already moved beyond this early stage of inorganic transformation and/or may have evolved from an initial life platform that is not based on water, carbon, and nitrogen at all. These life-forms will be fundamentally different from those on Earth and, given enough time (and luck), may have developed superior intelligence to humans, along with the capacity for self-replication and evolution.


  It is noteworthy for later reference that technologically advanced life has existed on Earth for only about the last 100 years of its 4.5-billion-year existence, or about 2×10–8 of the Earth’s lifetime. Other life-forms in the galaxy/universe, if they managed to get started in spite of all of the challenges, are very likely to have had much more time to evolve (or become extinct!) than humans have had.


  LIFE ON EARTH


  The Earth’s biosphere is much more ubiquitous than just on its outer, solid surface; it extends from around 20 kilometers below the surface to at least 80 kilometers into the atmosphere. It is found in soil, hydrothermal vents, and rocks kilometers below the sea floor; extends 900 meters below the ice of Antarctica; and is found in the deepest parts of the ocean. Studies conducted on the International Space Station show that bacteria can survive in the vacuum of outer space for at least three years.


  Nonetheless, possessing a surface environment devoid of oxygen and high in methane for much of its early history, the Earth would not have been a hospitable place for the emergence of living things. The earliest direct evidence of life on Earth are mineralized microfossils of micro-organisms in 3.465-billion-year-old Australian Apex chert rocks (Altermann and Pinti 2021) and in hydrothermal vent precipitates, considered to be about 3.42 billion years old. The evidence is preserved in the hard, mat-like layered structures (“stromatolites”) these early creatures made, which date to 3.5 billion years ago, and living forms of which exist to this day (e.g., at Hamlin Pool, Western Australia).


  Life-forms first appeared on Earth when the oceans formed, soon after the formation of the Earth itself some 4.54 billion years ago (figure 1.1).1
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    Figure 1.1. An approximate timeline of the emergence of various forms of life on Earth from its formation around 4.5 billion years ago to the present day. Technologically advanced humans have occupied the planet for around 10–8 of the time since its formation. (Data extracted in part from https://en.wikipedia.org/wiki/Timeline_of_the_evolutionary_history_of_life.)


  Photosynthesis began with the evolution of cyanobacteria in the oceans around 3.4 billion years ago, making food using water and the Sun’s energy and releasing oxygen (O2) as a by-product. This produced a sudden, dramatic rise in oxygen, creating an environment less hospitable for other microbes that could not tolerate oxygen. The oxygen was initially consumed by oxidation of dissolved iron in the water, ultimately precipitating out to create the massive and ubiquitous banded iron (oxide) formations. Once all the dissolved iron in the oceans was consumed (about 2.5 billion years ago), the oxygen was then able to escape into the atmosphere, where it initially reacted with primordial methane. It then gradually built up to its present proportion of around 21 percent, paving the way for the evolution of more-complex life-forms.


  But microbes are just single cells and they do not have specialized cells called “organelles,” the specialized subunits of cells that are needed for the construction of complex structures such as the skin, blood, and bone cells in animals. When microbes began living inside other microbes, functioning as organelles for them, the evolutionary path of life changed dramatically. Mitochondria, the organelles that process food into energy, evolved from these mutually beneficial relationships, and DNA began to be packaged inside nuclei. The new complex cells (“eukaryotic cells”) boasted specialized parts playing specialized roles that supported the whole cell.


  Cells “discovered” that by living together, certain critical benefits for survival could be obtained—they could feed more efficiently and/or gain protection by simply being bigger. Also, cells started to support the needs of the collective by each cell doing a specific job—some were tasked with holding the group together, while other cells made digestive enzymes that could break down food (Vesteg and Krajcovic 2008). Clusters of specialized, cooperating cells eventually became the first animals (sponges), which DNA evidence suggests evolved around 800 million years ago.


  The assembly instructions for an animal’s body plan are contained in the genes within its DNA, which control the action of other genes and proteins at specific locations and times to correctly assemble the special component parts of the animal.


  At the beginning of the Cambrian period (541 to 485 million years ago) there was a massive burst of new life-forms over 15 to 25 million years, many with hard body parts like shells and spines that allowed these animals to radically engineer their environments, such as digging burrows. The animals became more active, with defined heads and tails for directional movement and the development of unique feeding styles. This subdivided the environment into feeding niches and led to even more diversification. The event was accompanied by major diversification in other groups of organisms as well.


  Most of these new organisms were evolutionary experiments and quickly died out, but some groups thrived and dominated Earth for hundreds of millions of years before becoming extinct. By the end of the Cambrian nearly all existing animal types, or phyla (such as mollusks, arthropods, annelids, etc.), were established and food webs emerged, leading to the foundation for the ecosystems on Earth today.


  The sudden rise in diversity of species during the Cambrian “explosion” has been attributed to:


  1. A higher availability of oxygen that allowed the rise of large, complex animals, which need O2 for chemical energy.


  2. An increase in the amount of ozone (O3) in the atmosphere, shielding Earth from biologically lethal UV radiation and enabling the evolution of complex life on land, as opposed to life being restricted to the water.


  3. Massive global erosion caused by glaciers during the “Snowball” or “Slushball” Earth2 depositing nutrient-rich sediments into the oceans, setting the stage for the diversification.


  4. Mid-ocean ridge volcanoes causing a sudden increase in the calcium concentration in the oceans, making it possible for marine organisms to build skeletons and hard body parts.


  5. Self-organization into higher morphological complexity, such as layers, segments, lumens, appendages, and even eyesight, through the mobilization of the products of genes that had previously evolved to serve unicellular functions. Eyesight, for example, would have precipitated the evolution of a wide range of defense mechanisms in prey creatures.


  6. Widespread O2 deficiency in the ocean seafloor giving mobile animals with the ability to seek out more oxygen-rich environments an advantage over fixed life forms. (Koonin 2007)


  More than 99 percent of some 5 billion (but perhaps even up to a trillion) species that ever lived on Earth are understood to have become extinct, either by natural evolutionary processes (viz., Darwin’s “Struggle for Life”) or by massive single or multiple contemporaneous disruptive global events (discussed in chapter 2).


  These species numbers pale into insignificance when it is considered that there are an estimated 10 nonillion (1054) individual viruses and virions3 on Earth, which some biologists consider to be life-forms. Indeed, there are more individual viruses than the estimated number of stars in the universe, which, in turn, are thought to be more numerous than all the grains of beach sand on Earth.


  Figure 1.1 shows that while single-cell life began very soon (around 500 million years) after the formation of the Earth, multicellular creatures took another 2.4 billion years to emerge, and the complexity of plants and animals took a further 800 million years to appear. Primates then took almost another 800 million years to emerge, but technologically advanced life (i.e., modern humanity) has occupied the Earth for only about the last 100 years.


  Clearly, the path to complexity and human intelligence required the operation of many critical steps in the Earth’s chemistry and environment for we humans to emerge and flourish, and suggests that complex life is not easy to achieve.


  The Central Role of Water


  The study of life on Earth (the only example that we know about) suggests that the liquid solvent critical to life’s origin and sustainment here (and potentially elsewhere) is likely to be water, because of the following:


  1. Comprised of two hydrogen atoms and one oxygen atom, it is one of the most cosmically plentiful molecules, consisting of the most abundant atom (hydrogen, 74 percent) and the third-most-abundant atom (oxygen, 1 percent). Helium is the second-most-abundant atom in the cosmos, at 24 percent.


  2. Its distinct physicochemical properties make it highly suitable for mediating macromolecular interactions through its action as a universal solvent for polar molecules and its critical role in protein folding, protein substrate binding, enzyme actions, the rapid transport of protons in aqueous solution, maintaining the structural stability of DNA/RNA, and the segregation of salt ions at cellular interfaces.


  Carbon chemistry is likewise favored as a basis for life’s chemical constituents because carbon has a high cosmic abundance (fourth, at 0.5 percent) and carries the ability to form an inordinate number of complex molecules. Alternative biochemistries to carbon and water may exist (including sulphur, which also presents a large number of elemental combinations) but their plausibility has not yet been convincingly demonstrated, so the search for life to date has focused on water as the key indicator for its past or current presence.


  LIFE ELSEWHERE IN AND BEYOND THE SOLAR SYSTEM


  The development of spaceflight since Earth’s first satellite, Sputnik 1, was launched by the Soviet Union on October 4, 1957, and the subsequent ability to orbit, land, and move around spacecraft on other bodies in the Solar System provided the ability to study the atmospheres and surfaces of these bodies for telltale direct and indirect signs of life there. In more recent times, the discovery of more than 5,000 planets in other star systems (“exoplanets”) has included the identification of several hundred of these with environments that are like those of Earth and which might therefore harbor life.


  In the Milky Way galaxy, it is expected that there are many billions of planets, with many more free-floating planetary-mass bodies that have been thrown out of their stellar system by one means or another and are now orbiting the galaxy directly. The characteristics of the eight planets in our Solar System range from the relatively small, inner rocky worlds of Mercury, Venus, Earth, and Mars to the outer giant gas planets of Jupiter, Saturn, Uranus, and Neptune, but the size, mass, orbital position, periodicity, density, and temperature diversity of exoplanets observed to date far exceed the variety in the planets found within our own Solar System. More on this variety later in this chapter.


  Exoplanets where the surface temperature is “just right” for water to exist in liquid form are now referred to as being in the so-called Goldilocks zone around a star. This name is the colloquial version of the term defined in astronomy and astrobiology as the “circumstellar habitable zone” (CHZ). It is the region around a star within which the incoming radiation and atmospheric pressure onto planetary-mass objects is appropriate for the sustainable presence of liquid water at their surfaces. The conditions in the CHZ are determined using the only example that we have of the requirements of life, namely our home planet’s position in the Solar System and the amount of radiant energy it receives from the Sun (figure 1.2).
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    Figure 1.2. A schematic relationship between the distance of the Goldilocks/habitable zone (shaded panel) from its host star and the mass of that star relative to the Sun. The Solar System is depicted in the horizontal center panel, corresponding to a host star mass of 1. The more massive (i.e., brighter) the host star, the farther the Goldilocks zone is from that star. (Wikimedia Commons; found at https://www.e-education.psu.edu/astro801/content/l12_p4.html.)


  This figure demonstrates that the main determinant of the position and size of the habitable zone depends on the luminosity of the star, which dictates the equilibrium temperature of the planet. However, the exact boundaries of the zone also depend on subtle effects, like the influence of the carbonate-silicate cycle of the planet in regulating the level of carbon dioxide (and hence greenhouse gas effect—see the discussion in chapter 2) in its atmosphere, which can extend the zone farther from the host than its luminosity alone would dictate.


  Exoplanets that have been detected in the Goldilocks zone are considered to provide the greatest prospects for life to evolve, at least in the form that would be familiar to us. Discoveries of confirmed Earth-like planets currently number less than 100, but the capability is emerging to measure the general composition of the atmosphere of these planets from the absorption of the light from their host star when the planet passes in front of that star. So far, no robust evidence has been found of the presence of gases that might indicate the presence of life on these bodies. What would be especially exciting would be the observation of industrial gases such as Freon (chlorofluorocarbons and hydrofluorocarbons that have been widely used as refrigeration gases) and some compounds of nitrogen that do not occur naturally and therefore would be indicative of the presence of advanced, industrial life-forms.


  How Special Are the Circumstances Required for Life to Emerge?


  The absence of evidence, so far, of life elsewhere in the Solar System, Milky Way galaxy, or the universe in general is not surprising because the circumstances required for life to begin and, in particular, for it then to flourish to the point where that life-form becomes “intelligent” are complex, numerous, and very demanding.


  While very simple life-forms (prokaryotes) evolved on Earth after only around 500 million years after it formed, the evolution of complex cells (eukaryotes) took a further 1.8 billion years to emerge, and another 500 million years for multicellular life to develop (figure 1.1). The genus Homo emerged just 2 million years ago and Homo sapiens came into being only in the past 300,000 years, while technologically advanced life developed on Earth only in the past 100 years or so.


  For complex (multicellular) life to form and flourish on a planet, the full set of the following conditions is likely to be required:


  1. The parent star needs to be at least second generation to have condensed from a dust cloud that contained all of the elements heavier than iron that are essential to life. These heavy elements are not able to be produced by the fusion of hydrogen at the center of a star during its evolution; their formation requires the much larger energy generated by a nova or supernova.4 Thus a first-generation star needs to have “died” and its constituent material dispersed into the galaxy to enable these heavier elements to be incorporated into the building blocks of a second- or subsequent-generation solar system.


  2. The gravitational aggregation of the star from an initial massive cloud of hydrogen and dust needs to have left a residual “accretion disc” of orbital material that is then able to condense into local accumulations that aggregate into one or more circumstellar planets.


  3. The host star needs to have a mass, size, and luminosity that permits it to have a life expectancy of several billion years—that is, to allow enough time for life to emerge on one or more of the planets in its Goldilocks zone and to evolve into a complex form. In essence, this means that the star needs to be a red dwarf, like the Sun, or have a similar size. Being much more massive than this means that the additional gravitational pressure in the core of the star that arises from the larger size will produce more rapid “burning” of hydrogen fuel and thus greater outward “radiation” pressure from the core of the star. A balance is ultimately achieved between these two opposing forces, but the end result of the higher burn rate of hydrogen means that the life of the star is shortened significantly.


  4. It is important that the star be stable in its energy output and that it not be prone to flares or other outbursts of intense X-rays and other dangerous parts of the electromagnetic spectrum that would extinguish any life that had formed on its planets. This requirement means that preferably the star’s location is outside the more densely packed main arms of a spiral galaxy, where it is less likely to be subjected to similar massive bursts of radiation from stars that “go” nova or supernova in its immediate environment.


  5. It is also preferable that the parent star is not part of a multiple-star system, thereby making it easier for a planet around that star to assume a stable orbit favorable to the emergence and evolution of life.


  6. The planet needs to be at a particular distance from that star to receive an appropriate amount of energy (and therefore surface temperature) for primitive life to begin, that is, for it to be in the Goldilocks zone, where it is not too hot and not too cold for water to exist in liquid form. Moreover, it needs to remain in the Goldilocks zone for billions of years, not just passing through or eventually pushed out by other planets, to allow life to mature and flourish long enough for intelligent life to evolve.


  7. The planet needs to have a chemical composition (resulting from agglomeration of the residual disk of dust particles around the star) that allows it to have the wide variety of chemical elements required for life processes.


  8. The agglomeration of particles must produce a body that is large enough to gravitationally clear its orbital neighborhood of other objects (thereby reducing potential extinction-level impact events) and to assume a size sufficient for it to acquire hydrostatic equilibrium (viz., a roughly spherical shape) under gravity, namely a diameter of more than about 500 kilometers (Hill 2022, and references therein). This allows impact kinetic energy to create heat sufficient to permit “differentiation” of the location of heavy and light compounds and elements to produce a solid/rocky crust (to act as a platform for life), a mantle, and a liquid or semiliquid metallic core. Convection of liquid metal in this core can then generate a magnetic field strong enough to repel most of the flux of cosmic rays from the sun that would otherwise destroy all life.


  9. Convection in the liquid metallic core may also be needed to generate plate tectonics,5 a mechanism for recycling elements crucial to life and also for sequestering (as carbonates) the carbon dioxide from the atmosphere to prevent the development of a runaway greenhouse effect (as is likely to have occurred in the case of Venus billions of years ago).6 The presence of such plate tectonics is believed to have been critical for the so-called Cambrian explosion of life on Earth 500 million years ago by increasing the availability of essential nutrients in the oceans.


  10. A significant atmosphere needs to be present on the planet that is thick enough to absorb harmful radiation, preserve water in the liquid state on the surface, and generate rain on otherwise dry continental areas.


  11. The planet’s rotation period needs to be stable, with a significant inclination of its spin axis to the plane of its orbit around the star (23 degrees in the case of the Earth and 25 degrees for Mars) such as to provide seasons and thus a variable chemical and thermodynamic environment conducive to the genesis and evolution of life. On Earth, this stability/consistency of seasonal temperatures has been deemed necessary for the emergence of agriculture and permanent settlements and a transformation away from the hunter-gatherer lifestyle, allowing for the generation of food excess that enabled time for technology to develop and population to grow.


  12. It would be advantageous (perhaps even essential) for the planet to have a satellite (e.g., our Moon) of sufficient size and mass to keep the rotation and axial orientation of the planet stable, and to produce tides and regular periods of wet and dry, conducive to the evolution of life. Not only did the impact of another Mars-size planet on the proto-Earth result in the formation of the Moon (see discussion below), but it tilted Earth’s axis by about 23 degrees and likely introduced water and valuable elements into its mantle. The presence of the Moon then stabilized and slowed down Earth’s rotation and helped to lock in the axial tilt that produces the four seasons of the solar year. Typically, small planets like Earth do not have a moon that is so large in a relative sense to its “parent” (we are in some senses close to being a binary planet in the Solar System) to enable it to play such an important role in the evolution of life. What, then, are the chances that a body the size of Mars would enter our orbit, collide with Earth, and have such a significant effect on our evolutionary history?


  13. The solar system in which the planet exists needs to have other, much larger planets (like our own Jupiter and Saturn) big enough to clear the solar system (and especially the planet’s neighborhood) of objects of such a size that their impact could destroy any life that had taken a foothold (as has nearly occurred several times in Earth’s history—see chapter 2).


  The conditions for complex (multicellular) life to emerge on the planet are likely to require many, if not all, of the above characteristics to be in play. If some of these conditions are missing or altered in some way, complex life is likely to have been extinguished, or it will have been extinguished before it had time to evolve fully. We have only one example from which to draw these conclusions, but we know that on Earth this process took nearly 3 billion years, or more than a quarter of the age of the universe.


  Taking Earth’s example once again, the conditions for technically advanced life to emerge must be even more demanding and/or “fortuitous” than the formation of simple and multicellular life, since it has been in existence here only over the past 100 years or so. This is a mere 2×10–8 of the age of the Earth, and around 10–9 of the age of the entire universe. It implies that while simple life-forms may be quite common, more-complex life-forms and especially intelligent life-forms are likely not to be so common (see the discussion in the next section).


  Technical competence may be even more unlikely. For example, sharks have been around for more than 400 million years, yet they have not developed the ability to read or write, build spacecraft, or predict when eclipses of the Sun will occur, because these skills provide no evolutionary advantage to them.


  Of all the complex species on Earth, only Homo has developed advanced intelligence and technologies. The survival of Homo may itself have been a matter of chance, since 98 percent of all currently documented species from the fossil record have been extinguished by one natural occurrence or another over the course of life’s history (see chapter 2).


  Even advanced species are not immune from extinction due to environmental causes and perhaps to their own hands. Over the 2 million years in which the genus Homo has lived on Earth, only one of nine species of Homo (i.e., sapiens) has survived from 1.2 million years ago to the present. At one point, no less than six of these species actually coexisted (naledi, heidelbergensis, floresiensis, neanderthal, denisovans, and sapiens), but only sapiens emerged unscathed (Stringer 2012). Indeed, the average time span for mammals is around 1 million years, so sapiens might have already passed its statistically expected span of existence.


  The Drake Equation: What Are the Chances?


  Many attempts have been made to calculate what the chances are of life existing elsewhere, based on a process of multiplying our best guesses for the likelihood of certain circumstances existing. One of the most popular of these algorithms, equation (1), is the so-called Drake equation (Drake 1961) devised by Cornell University astronomer Frank Drake (1930–2022). This provides an estimate, N, of the number of civilizations in the Milky Way galaxy with which direct communication might be possible:


  N = R∗ • fp • ne • fl • fi • fc • L Eqn (1)



  where


  

  R∗= average rate of star formation in the galaxy


  fp = fraction of those stars that have planets


  ne= average number of planets that can be expected to support life per star that has planets


  fl = fraction of planets that could support life that do develop life at some point


  fi = fraction of planets with life that go on to develop intelligent life (civilizations)


  fc = fraction of civilizations that develop a technology that releases detectable signs of their existence into space


  L = length of time for which such civilizations release detectable signals into space

  


  Given the uncertainty in the estimates of the parameters, the original meeting in 1961 that gave rise to the Drake equation concluded that N ≈ L and that there were probably between 1,000 and 100,000,000 planets with civilizations in the Milky Way galaxy. Carl Sagan, using optimistic numbers for the parameters, produced estimates of N in the 12th episode of his program Cosmos (aired on December 14, 1980) ranging from “a pitiful few” to millions of communicating civilizations in the Milky Way. Modern astronomy has given us a better indication of likely values for R∗, fp, and ne, but the others are still not known with any certainty and are relegated to guesswork relatable only to the single example of Earth. This has resulted in a massive variation in the estimates of N.


  Worked examples using the maximum and minimum values assigned to each of the parameters in equation (1) and the resulting estimates of N are provided in table 1.1.


  


  Table 1.1. Worked examples of the parameters in the Drake equation using contemporary minimum and maximum estimates of each parameter.




	Parameter in the Drake Equation
	Minimum Estimate
	Maximum Estimate



	R∗ = average rate of star formation in the galaxy
	1.5
	3



	fp = fraction of those stars that have planets
	1
	1



	ne = average number of planets that can be expected to support life per star that has planets
	0.1
	1



	fl = fraction of planets that could support life that do develop life at some point
	10–4
	1



	fi = fraction of planets with life that go on to develop intelligent life (civilizations)
	10–9
	1



	fc = fraction of civilizations that develop a technology that releases detectable signs of their existence into space
	0.2
	0.2



	L = length of time for which such civilizations release detectable signals into space
	300
	1B



	N = possible contacts
	10–12
	600M






  Source: https://en.wikipedia.org/wiki/Drake_equation#Range_of_results


  Clearly, with this huge range of possible outcomes for N, the Drake equation is of limited use in providing meaningful estimates of the number of contactable civilizations in the galaxy. In addition, it certainly says nothing about the possible existence of simple or indeed complex life-forms that have not (yet) developed the ability to transmit radio or other signals of their presence. Then again, the equation was not meant to provide a specific number. Rather, it was the intention of Drake to focus the attention of astronomers on what attempts could be made/developed to detect such civilizations.


  Whatever was the background objective, some 60 years of searches for extraterrestrial radio signals since the 1960s have failed to find anything (reproducible) that might have been generated by an alien civilization. This outcome (called the “Great Silence”) might be considered to be an important indicator suggesting that the number of advanced civilizations “out there” must be nearer the lower end of the possible range than the upper more-numerous end, if indeed it is not zero.


  A number of theories have been provided for the absence of the detection of such signals to date, namely that we are searching at the wrong wavelengths; our technology is not advanced enough to detect very, very weak signals from far away; these civilizations have disappeared before they could send signals out for a significant period of time; and/or they are not interested in declaring their presence in this or any other way.


  Nevertheless, the conclusion that there may be no other intelligent life in our entire galaxy cannot be confidently eliminated (Sandberg et al. 2018).


  Probabilities Calculated from Other Perspectives


  Using the specific list of critical parameters provided above that are necessary for intelligent life to exist elsewhere in the galaxy, the probability can be calculated by a less formal process (though still with some very subjective steps) than is provided by the Drake equation, as follows:


  1. The number of stars in the Milky Way is around 100 billion.


  2. Half of these are single-star systems, which reduces the number of options to 50 billion.


  3. Since only around 10 percent of these are like our Sun, there are now only 5 billion options.


  4. Fifty percent of these have planets in the habitable zone, reducing the options to 2.5 billion.


  5. Let’s say that 10 percent of these planets have tilted axes, a large moon, plate tectonics, other large planets, etc., to allow the emergence of life; this drops the options to 250 million.


  6. On Earth, technologically advanced life has only been present for 2×10–8 of the time since its formation, so the number of options therefore reduces to about 5.


  This alternative calculation suggests that the number of technologically advanced civilizations in the galaxy is quite small, near the midpoint of the extreme values presented in table 1.1.


  Another argument goes as follows: There are 100 billion stars in the Milky Way, most of which are billions of years older than our Sun. In the last 30 years more than 5,000 exoplanets have been discovered around stars not too far away from the Solar System, some of which are similar in size and temperature to our Sun. Some of these planets are orbiting in the so-called Goldilocks zone around their parent star, in which water might exist in the liquid state. As in the calculation immediately above, extrapolating these conditions to the entire galaxy, there are perhaps 250 million habitable planets in the Milky Way.


  Some of these 250 million planets are likely to be Earth-like, which, if the Earth is typical, will have had the time to develop complex intelligent life. At least some, perhaps millions, of these civilizations (especially those on significantly older planets than Earth) will have been around long enough to develop interstellar travel (even if just by their autonomous uncrewed probes), a technology that Earth itself is developing right now. Thus, at any practical pace of interstellar travel, the galaxy should have been completely “colonized” within a few tens of millions of years, including the Earth, or at least visited, either by members of that civilization or its autonomous probes, multiple times in its long history.


  This argument is not restricted by the term L in the Drake equation because these civilizations do not need to be in existence currently; all that is required is that intelligent life evolved sometime in the distant or recent past and that it had the capability of interstellar travel. That civilization itself may have died out millions or billions of years ago, but its signals and/or autonomous probes should continue to fly through the galaxy and be detected, eventually.


  Indeed, no convincing evidence of visitation exists and no confirmed signs of intelligence elsewhere have been spotted, either in our galaxy or the more than 80 billion other galaxies of the observable universe (see discussion below).


  It seems unlikely that, if they did indeed visit Earth, none of these civilizations chose to (1) make their presence known to us in any unambiguous way, (2) accidentally or deliberately extinguish life on Earth, or (3) settle the planet for themselves. Moreover, it seems unreasonable that they flew across the galaxy unscathed, yet crash-landed in a desert of the United States (or elsewhere) and/or were observed only by a handful of humans.


  The Fermi Paradox: Where Is Everybody Then?


  The alternative (to Drake) calculation provided above highlights the apparent contradiction between the high estimates of the number of advanced civilizations obtained from the Drake equation (or any other measures) and the fact that humanity has not yet had contact with or seen irrefutable evidence of such civilizations.


  In response to this logic, Italian physicist Enrico Fermi (1901–1954) asked the now famous, and obvious, question: “Where are they?”


  Many explanations have been put forward as a rationalization/explanation of this so-called Fermi paradox, namely why none of these civilizations have been detected, including that:


  1. Our observations are incomplete/flawed, and it is just that we have not detected them yet.


  2. Technically advanced humans on Earth have not been listening long enough.


  3. The difficulty and cost (both financial and resource) of interstellar travel has been grossly underestimated.


  4. The alien civilizations are so significantly different from us that contact is not possible.


  5. They are unwilling to communicate with us.


  6. Humanity exists only in a gigantic simulation experiment undertaken by a massively more advanced civilization and they want to see how we emerge and evolve in isolation from other life-forms.


  7. Technologically advanced intelligent life is actually very rare.


  8. It is the nature of intelligent life to destroy itself before it masters the technology of interstellar travel and/or communication (Hanson 1998; Bostrom 2008)—the so-called Great Filter.


  The concept of the Great Filter originates from the Fermi paradox and the proposal (Hanson 1998) that the failure to find any extraterrestrial civilizations in the universe suggests that something is wrong with one or more of the arguments that advanced intelligent life is probable. Alternatively, or in addition, it suggests that there is a barrier that emerges after advanced life evolves that prevents it from reaching the stage of interstellar travel. It implies that there is a high probability of (1) an extinction catastrophe, (2) an underestimation of the impact of technology that “unburdens existence,” or (3) resource exhaustion, perhaps especially energy (Baum 2010).


  It is my contention that, of the suite of explanations listed above, the Great Filter is the most likely explanation for the absence of contact or evidence of contact with aliens, especially when considered in the light of the social and environmental problems that we on Earth are now facing on a number of levels.


  The Search for Extraterrestrial Life


  There are several methods at our disposal by which we might be able to observe evidence, or the implication, of extraterrestrial life. The evidence can be categorized into those searches targeting the observation of simple life-forms (bacteria, etc.) and those searching for complex, intelligent life-forms.


  In the case of complex, technologically mature life, the relevant evidence might be:


 
	Direct observation—witness accounts of encounters with aliens, unidentified flying objects (UFOs), etc.


	Detection of electromagnetic emissions from extant civilizations as part of the Search for Extraterrestrial Intelligence (SETI), etc.


	Observation of large-scale engineering or other structures here or on other planets, including crop circles, the “canals” on Mars, Dyson spheres (see below) around other stars, etc.


	Observation of interstellar spacecraft or technological “junk” passing through the Solar System.


	Statistical implications from the sheer number of other stars and planets—Drake’s equation, the Fermi paradox, etc.




  In the case of simple life-forms, the evidence might include:


 
	Direct observation of living or fossil organisms on meteorites and from sample-return missions from Solar System bodies—the Moon, asteroids, comets, etc.


	Residual “trace fossils”7 in data accrued from orbiters, landers, and rovers on Solar System bodies indicating the direct past or current presence of biota and/or environments conducive to their existence.


	Certain signature gases (“biosignatures”) indicative of biological or industrial activity of life itself, detected in the atmospheres of exoplanets in the Goldilocks zone around other stars.





  The evidence, or absence of evidence, of complex/advanced and simple life-forms is discussed in the following sections.


  COMPLEX/ADVANCED LIFE FORMS


  Unidentified Flying Objects (UFOs)


  There have been close to 90,000 UFO (or unidentified aerial phenomena, UAP) sightings in the past 110 years—mostly in the United States and Europe. These sightings increased dramatically after the Roswell incident in 1947 (see below) and following the earlier “War of the Worlds” broadcast in 1938.


  The “War of the Worlds” broadcast on Halloween night, October 30, 1938, is probably the most famous program in radio history. It was an adaptation of H. G. Wells’s novel The War of the Worlds (1898)8 and narrated by Orson Welles. Some (most?) listeners did not hear the disclaimer that it was a radio play and were convinced that a Martian invasion was taking place, in part due to the “breaking news” style of the storytelling.


  The items in the broadcast began with relatively calm reports of unusual explosions on Mars followed by an account of an object falling on a farm in New Jersey. The crisis escalated dramatically when a “live” reporter described creatures emerging from an alien craft to incinerate police and onlookers with a “heat ray” until his audio feed abruptly ended. Subsequent updates detailed a devastating alien invasion and the military’s futile efforts to stop it.


  Although its overall impact has probably been exaggerated over the years, the broadcast raised concerns about Americans’ susceptibility to believe what has become known as “fake news” as well as issues about the responsibility of the media.


  To summarize, on close examination, when sufficient data is available to make a reasoned assessment of the event, the vast majority of UFO sightings have been explained by natural phenomena—but some remain classified as “open.”


  The Roswell Incident


  The so-called Roswell incident is the July 8, 1947, recovery of balloon debris from a ranch in New Mexico by US officers from Roswell Army Airfield, and the accompanying press release stating that they had recovered a “flying disc.” The army quickly retracted the statement, saying that the object was a conventional weather balloon.


  The matter did not surface again until the late 1970s, when retired Lieutenant Colonel Jesse Marcel said he believed the debris he had retrieved was extraterrestrial. Immediately, ufologists began promoting a variety of increasingly elaborate conspiracy theories, claiming that one or more alien spacecraft had crash-landed and that the extraterrestrial occupants had been recovered by the military, which had then engaged in an elaborate cover-up.


  Eventually, in 1994, the US Air Force released a report identifying the crashed object as a nuclear test surveillance balloon. A second report in 1997 concluded that stories of “alien bodies” probably arose from the admission that test dummies had been dropped from the balloon at high altitude. The incident has been described as “the world’s most famous, most exhaustively investigated, and most thoroughly debunked UFO claim” (Gildenberg 2003).


  While UFO sightings and conspiracy theories continue to be reported, the reality is that, at best, concrete evidence of visitation by extraterrestrials, or of artifacts left by them on Earth, has not been found to date.


  Crop Circles


  Crop circles are “unnatural” patterns that appear overnight in farmers’ crop fields that are attributed to aliens or UFOs. They are mostly found in the UK but have spread to dozens of countries around the world in past decades. The mystery has inspired countless books, blogs, fan groups, and films and TV series such as The X-Files.


  According to newspaper coverage at the time (Tim 2020), the worldwide crop circle phenomenon was energized by an event in January 1966, when a farmer from Euramo, near Tully in far north Queensland, Australia, said he saw a “large saucer-shaped object” rise up from a swampy area and fly away sideways “at terrific speed,” leaving a roughly circular area of debris and apparently flattened reeds and grass, which he assumed had been made by the alien spacecraft. The incident was interpreted later as the effects of a local whirlwind, but without confirmatory evidence of this proposal, the alien explanation continued to have traction, as so often occurs in these circumstances.


  Simple circles began appearing in the English countryside in significant numbers in the 1970s. The frequency and complexity of the circles increased dramatically, reaching a peak in the 1980s and 1990s when quite elaborate patterns were produced, including some illustrating complex mathematical equations. While there are countless theories ranging from the plausible to the absurd, the only known, proven cause of crop circles is humans. The origin of the crop circles in the UK remained a mystery until September 1991, when two men confessed that they had created the patterns for decades as a prank to make people think UFOs had landed.


  SETI: Evidence from Outside the Solar System


  The Search for Extraterrestrial Intelligence (SETI) is a collective term for scientific searches for intelligent life ex-Earth. It is primarily associated with monitoring electromagnetic radiation for signs of transmissions from civilizations on other planets, a suggestion originally made by Nikola Tesla in 1896. The film Contact, with a screenplay based on the book of the same name by Carl Sagan (1985), is perhaps the best-known example of this scenario. Scientific investigation of the presence of signals from outer space began shortly after the advent of radio in the early 1900s, and focused international efforts have been going on since the 1980s, many using very sophisticated hardware and software and the investment of significant financial support.


  SETI Outcomes to Date


  In 1924 the United States pronounced a National Radio Silence Day, urging citizens to keep their radios quiet for five minutes on the hour, every hour, so astronomers could use a powerful radio receiver strapped to a dirigible floating 2 miles above the Earth’s surface to listen for any potential radio signals from Mars, which was at that time closer to Earth than it had been for about a century. Nothing!


  In 1960 Frank Drake performed the first modern SETI experiment, using a 26-meter radio telescope to examine the stars Tau Ceti and Epsilon Eridani near the “water hole” 1.420 GHz marker frequency, in proximity to the hydrogen and hydroxyl radical spectral lines.9 Nothing!


  There have been many attempts to design a spectrum analyzer specifically to search for transmissions. Suitcase SETI was created in 1981 that had a capacity of 131,000 narrowband channels. It was expanded in 1985 to META with a capacity of 8.4 million channels, each with a resolution of 0.05 Hz, and the ability to use Doppler shift of frequency to distinguish between terrestrial and extraterrestrial signals. The follow-on to META in 1995 was named BETA, for “Billion-Channel ExtraTerrestrial Assay,” that allowed the receipt of 250 million simultaneous channels with a resolution of 0.5 Hz. It scanned through the microwave spectrum from 1.400 to 1.720 GHz in eight hops, with two seconds of observation per hop. Nothing!


  NASA’s Microwave Observing Program (MOP) was funded in 1992 but drew the attention of the United States Congress, where the program was ridiculed and cancelled one year after its start.


  In 1995 the nonprofit SETI Institute of Mountain View, California, resurrected the MOP program under the name of Project Phoenix, backed by private sources of funding. From 1995 through 2004 it studied roughly 1,000 nearby Sun-like stars, conducting observations at the 64-meter Parkes radio telescope in Australia; the 43-meter telescope of the National Radio Astronomy Observatory in Green Bank, West Virginia; and the 300-meter Arecibo Observatory in Puerto Rico. Nothing!


  Many international radio telescopes continue to be used for SETI searches, including the Low Frequency Array (LOFAR) in Europe, the Murchison Widefield Array (MWA) in Australia, and the Lovell Telescope in the United Kingdom. Nothing!


  The Wow! signal was a strong narrowband radio signal detected on August 15, 1977, by the Ohio State University’s Big Ear radio telescope in the United States (figure 1.3). This signal was considered the strongest candidate for an extraterrestrial radio transmission ever observed but it had no detectable modulation (used to transmit information over radio waves), and innumerable attempts to reproduce the signal have failed.


  Recent work has suggested that the signal may have been generated by the hydrogen clouds associated with one of two comets, 266P/Christensen and P/2008 Y2 (Gibbs), which were passing through the sector of sky the Big Ear Radio Observatory was surveying in 1977 (Breitman 2017).


  On the 35th anniversary of the Wow! signal in 2012, Arecibo Observatory beamed a digital stream in the direction from which the signal was recorded. It was sent at 20 times the power of the most powerful commercial radio transmitter and contained around 10,000 Twitter messages solicited for the purpose and bearing the hashtag #ChasingUFOs. The sponsor also included a series of video vignettes featuring verbal messages from various celebrities. No reply yet!


  In 2015 Stephen Hawking and Russian billionaire Yuri Milner announced a well-funded ($100 million) effort called Breakthrough Listen, described as the most comprehensive search for alien communications to date. Nothing yet!
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    Figure 1.3. TOP: The original printout of the Wow! signal represented as “6EQUJ5” and including Jerry Ehman’s handwritten exclamation. BOTTOM: “6EQUJ5” plotted as the signal’s intensity variation over time, expressed in the measuring system adopted for the experiment. (Public domain from http://www.bigear.org/Wow30th/wow30th.htm. and Wikimedia Commons.)


  In 2019 a narrowband signal at 982.002 MHz was intercepted that appeared to have originated from the direction of Proxima Centauri and showed shifts in its frequency consistent with the movement of a planet. No modulation was detected, and work is still underway to rule out terrestrial interference. Nothing yet!


  Thus, around 60 years of SETI have failed to find any concrete and confirmed evidence of life-based radio signals arriving from outside the Solar System, even though radio telescopes, receiver techniques, and computational abilities have improved significantly during that time. The one thing that these searches have discovered, however, is that the galaxy is not teeming with very powerful alien transmitters continuously broadcasting near the 21-centimeter wavelength (frequency 1,420.4 MHz) of the neutral hydrogen atom.


  This SETI version of the Fermi paradox is sometimes referred to as the “Great Silence.” It represents a strong case for the absence of intelligent, advanced life elsewhere since (1) it does not require civilization to have mastered the technically difficult (perhaps ultimately impossible) challenge of interstellar travel and (2) any signals would have had the time to reach us from just about all parts of the universe by now. Explanations for the Great Silence run along the same lines as the answer to the Fermi paradox discussed above.


  Massive Extraterrestrial Engineered Structures


  There have been several cases of the purported observation of large-scale engineered structures on bodies within the Solar System which, if true, would indicate the presence of technically advanced life off-Earth.


  The “Canali” on Mars


  In 1877 Giovanni Schiaparelli (1835–1910), director of the Brera Observatory in Milan, Italy, started mapping the dark and light features on Mars. He named the larger ones “seas” and “continents” and dubbed the channel-like lineaments canali. This Italian word translates into English as “canal,” “channel,” “duct,” or “gully,” but it was, not surprisingly, taken to imply that they were nonnatural features that indicated the presence of technologically active life on Mars.


  The construction of the Suez Canal and its opening in 1869 had become the engineering wonder of the era and supported the idea that if massive engineering structures could be constructed by an advanced civilization on Earth, why not on Mars? This triggered an extraordinary period of astronomical activity, excitement, and debate for several decades about the origin and implications of the “canals.”


  Percival Lowell, founder and director of the Lowell Observatory in Arizona, became very interested in Mars and studied it intensively from around 1893 to 1908. He was particularly interested in the surface features, many of which he characterized as “non-natural features.” He became convinced that Schiaparelli’s canals were real, and that they were built by intelligent beings to carry water from the polar caps (assumed to be composed of water ice, as on Earth) to the drier equatorial regions of the planet. Lowell mapped hundreds of them, for the most part matching Schiaparelli’s observations (figure 1.4).


  Objections from astronomers and many other scientists were raised, based on (1) the inability of some/most of them to observe the linear features, (2) the fact that calculations of the water content of the Mars atmosphere showed that it was so low as to be undetectable, (3) the extremely low atmospheric pressure of Mars (1 percent of Earth’s) would not allow water to be present in the liquid state on the surface, and (4) massive fluctuations in the temperature of the surface (measured as having a high of about 20°C at noon at the equator to a low of about −153°C at the poles, with an average value of −63°C) that would make advanced life difficult to support.


  Despite this, the presence of “canali” remained a popular proposition, including their representation in maps prepared as recently as 1962. They were still accepted right up to the flyby of Mars by NASA’s Mariner 4 spacecraft in 1965, when the surface was revealed to be a desolate cratered landscape with no signs of large engineering structures.


  It is now suggested that the network of crisscrossing lines observed with the lower-resolution telescopes of the 19th and early 20th centuries was merely an optical illusion resulting from the tendency of humans to embellish patterns in dark and faint images, even when these patterns do not exist.
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    Figure 1.4. A comparison of some of Giovanni Schiaparelli’s (upper) and Percival Lowell’s (lower) drawings of the dark regions (“continents” and “seas”) and linear features (“canals”) of Mars. (Image reproduced with permission from https://www.erbzine.com/mag14/1414.html.)


  The Face on Mars


  The famous “Face on Mars” image captured by NASA’s Viking 1 spacecraft in 1976 (figure 1.5) was interpreted by some observers of the time as a deliberate artifact left by an alien civilization.


  Equivalent terrestrial structures that might be visible to other civilizations looking at Earth from afar could include many large cities, especially when illuminated at night; the Great Wall of China; the pyramids of Egypt; and large mine sites. Later images of this feature, including a detailed study by the Mars Global Surveyor in 1997, revealed that it was a trick of low sunlight and just an illusion.
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    Figure 1.5. The “Face on Mars,” captured by NASA’s Viking 1 spacecraft in 1976. Examination of this landform under different angles of solar illumination show that it is not an engineered creation of an advanced civilization on Mars. (Public domain image by NASA/JPL.)


  Advanced Life Outside the Solar System


  Examples of engineered structures outside the Solar System have yet to be observed with current telescopes. However, it might be expected that evidence of exploration by other intelligent extraterrestrial life, such as their interstellar probes and information-gathering devices (if not occupied spacecraft) or detritus from spacecraft associated with these explorations, might appear passing through the Solar System from time to time, however remote the probability. Some of these possibilities are discussed in the following subsections.


  Von Neumann Probe

  
  Hypothetical exploration objects/craft, including von Neumann and Bracewell probes, have been proposed as being dispatched by other civilizations to observe and/or communicate with other civilizations. Even at the relatively low speeds achieved by Earth’s fastest spacecraft (197 km/s in 2024, by the Parker Solar Probe during one of its ongoing flybys of the Sun to study the solar corona), these probes could explore exhaustively a galaxy the size of the Milky Way (diameter 105,700 light years10) in as little as 200 million years, with comparatively little investment


  

  

  Bracewell Probe


  

  

  

  

  Dyson Spheres
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  Oumuamua


  

  

  Earth’s Own Interstellar Probes


  

 
	Pioneer 10, launched on March 2, 1972. Contact was lost in 2003, but it is estimated to have passed 134 astronomical units (AU).13 It is heading toward the star Aldebaran (65 light years away) in Taurus.


	Pioneer 11, launched on April 6, 1973. Contact was lost in 1995, but it is now estimated to be at 111 AU. It will pass near one of the stars in the constellation Aquila in about 4 million years.


	Voyager 2, launched on August 20, 1977. It left the heliosphere14 for interstellar space at 119 AU in 2018 and is still active. It is currently 136 AU from Earth and will pass by the star Sirius (86 light years away) in around 300,000 years.


	Voyager 1, launched on September 5, 1977. It passed the heliopause15 at 121 AU in 2012 and is still active. It is the fastest of the five spacecraft with a velocity of 16.9 km/s and is currently 162 AU from Earth, the most distant human-made object. It is headed toward a distant encounter with star Gliese 445, 17.1 light years from Earth.


	New Horizons, launched on January 19, 2006. It flew past the Kuiper Belt object Arrokoth on January 1, 2019, after its Pluto flyby in 2015 and is now about 58 AU from Earth.
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  SIMPLE LIFE FORMS


  

  

  

  

  BIOSIGNATURES


  

  

   
  	isotope patterns, chemical features, or organic molecules that require or are formed by biological processes;

  
	minerals with composition or morphology that indicates biological activity;


	biologically formed cements, microtextures, microfossils, and films;


	macroscopic physical structures and textures (figure 1.8);
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    	time variations/disequilibrium of gases, reflectivity, or appearance;

    	reflectance features due to biological pigments;

    	gases formed by metabolic, aqueous, or industrial processes;

    	signatures that are residues or outputs of a technologically advanced civilization.




  

  
  	methane (CH4), alone or in the presence of oxygen (in disequilibrium) or carbon dioxide20;


	dimethyl sulfide ([CH3]2S) and chloromethane (CH3Cl);


  	membrane lipids—a group of compounds (structurally similar to fats and oils) that form the double-layered surface of all cells;


  	phosphene (PH3)—recently suggested to be present in the clouds of Venus but now disputed;


  	“chiral” compounds21 (on Earth, the amino acids characteristic of life are all left-handed in shape, while all sugars characteristic of life on Earth are right-handed);


  	magnetite (Fe3O4)—hexagonal platelet-like magnetite of a few hundred nanometers in size indicating the presence of the iron-reducing bacterium Thermoanaerobacter;


  	pigments that are uniquely biologic in origin, from phototrophic and photosynthetic life-forms;


  	chemical disequilibrium, necessary for life of any kind and exploited as a source of energy for metabolism—this is an “agnostic biosignature” and so is independent of the form of life that produces it.




  EXPLORATION OF BODIES IN THE SOLAR SYSTEM


  

  

  Evidence from the Moon


  

  
  	Apollo (United States)—381 kilograms from six missions: 1969–1972;


  	Luna (Russia)—0.301 kilograms from three missions: 1970–1976;


  	Chang’e-5 (China)—1.731 kilograms from one mission: 2020.



  

  

  

  Evidence from Orbiters, Landers, and Rovers on Non-Lunar Solar System Bodies23


  

  Mars
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  Venus


  

  Saturn’s Moon Titan
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  Jupiter’s Moon Europa


  

  

  

  Saturn’s Moon Enceladus


  

  

  Outside the Solar System


  Exoplanets


  [image: chpt_fig_012]

  
    

  

  

  

  
  	Transit photometry, or “looking for shadows” (4,171 discoveries to date). If a planet crosses (transits) in front of its parent star’s disk, the observed visual brightness of the star drops by a small amount, depending on the relative sizes of the star and the planet. For example, an Earth-size planet transiting a Sun-like star produces a dimming of around 0.008 percent. When the planet is eclipsed by (passes behind) the star, there is a corresponding reduction in the total emission from the pair of bodies due to the loss of reflected starlight from the planet. This method can provide information about the transit depth, transit duration, ingress/egress duration, and orbital period of the exoplanet.


	Radial velocity, or “measuring wobble” (1,089 discoveries to date). A star with a planet will move around the center of mass (bary-center) of the star-planet system, which leads to small (depending on the relative mass of the planet) movement of the star toward or away from Earth. This “radial velocity” of the star with respect to Earth can be deduced from the displacement in the parent star’s spectral lines due to the Doppler effect.24 The method provides information about the planet’s mass.


	Gravitational microlensing (214 discoveries to date). This occurs when two stars lie almost exactly in the observer’s line of sight and the gravitational field of the closer star (and its planet) acts like a lens, magnifying the light of the more distant background star. A planet orbiting the closer star is detected when its own gravitational field makes an observable contribution to the lensing effect. Unlike other planet detection methods, lensing events are one-off (and therefore cannot be confirmed), lasting for weeks or days, as the two stars and Earth are all moving relative to each other.


	Direct imaging (69 discoveries to date). Since the light from planets tends to be lost in the glare from their parent star, it is usually very difficult to resolve the planet(s) directly, even if a coronagraph is used to block light from the star while leaving the planet visible. Planets orbiting far enough from stars to be resolved reflect very little of their host’s starlight, but their infrared radiation can be detected through their thermal emission instead of the visible parts of the spectrum. The detection is more likely if the star system is relatively near to the Sun and the planet is especially large (a lot larger than Jupiter), widely separated from its parent star, and hot.


	Transit timing (29 discoveries to date). This method considers whether transits occur with strict periodicity or if there is a variation. If a planet has been detected by the transit method, then variations in the timing of the transit provide an extremely sensitive method of detecting additional non-transiting planets in the system with masses comparable to Earth’s. This is useful in planetary systems far from the Sun, where radial velocity methods cannot detect them due to the low signal-to-noise ratio.


	Reflection and emission modulations (9 discoveries to date). During the orbit of a planet around a star, especially those in a close orbit, the combined light from the system will produce variations in reflected light as the planet goes through illumination phases from full to new and back again (just like the Moon). Corresponding changes in overall thermal emissions are also potentially detectable.


	Astrometry, or “miniscule positional changes” (3 discoveries to date). This method consists of precisely measuring a star’s position in the sky and observing how that position changes over time. The technique has been used since the late 18th century when William Herschel, and many astronomers since, used it to infer the presence of binary star systems. If a star has a planet (or companion star), the gravitational influence of the planet will cause the star itself to move in a tiny circular or elliptical orbit around the mutual center of mass. Unfortunately, the changes in stellar position are so small that even the best ground-based telescopes generally cannot produce precise-enough measurements, and very long observation times are required. However, a potential advantage of the astrometric method is that it is most sensitive to planets with large orbits (i.e., greater distance from their host star), unlike other methods that are most sensitive to planets with small orbits.
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  Mediocrity Principle
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  Physical and Chemical Properties of Exoplanets
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  Exoplanet Life: Summary


 
  	It is estimated by astronomers that there could be up to 40 billion exoplanets in the Milky Way, but the vast majority of these are too far away to be detected by observations from Earth, let alone examined in detail.

  
	The most common types of exoplanets in our galaxy that have been observed to date are “super-Earths” (up to two times Earth’s size) and “mini-Neptunes” (between two and four times larger than Earth).

  
	Of the 6,000 or so exoplanets that have been discovered to date, only 55 have been confirmed to be Earth-like. While this is certainly a small proportion, Earth-like planets will not be as common as other types of planets because (at the moment) they are not as easily detected as are larger exoplanets.

  
	Life on other worlds might use vastly different chemistry, perhaps based on a solvent other than water (as may be the case for Titan in our own Solar System). Thus, limiting searches to exoplanets in the habitable zone of stars won’t help to find life if its environmental requirements differ significantly from our own.

  
	Life on exoplanets might be hidden in a subsurface ocean encased in ice, invisible even to our most powerful space telescopes.

  
	The direct imaging of planets around other stars is in its infancy, but the new suite of telescopes, on and above Earth (including James Webb), will dramatically improve our chances of observing these planets and of finding biosignatures in their atmospheres.
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